• Independent prognostic relevance of quantitative Bcl-2/IgH monitoring in the PB of patients with FL before and after first-line therapy.
Introduction
Follicular lymphoma (FL) is the most common subtype of indolent non-Hodgkin lymphoma (NHL). Its clinical course is characterized by relapses, indicating the incurability of FL with currently available therapies. [1] [2] [3] Minimal residual disease (MRD) assessment may provide significant prognostic value in FL. [4] [5] [6] [7] The Bcl-2/IgH hybrid gene, resulting from the reciprocal chromosomal translocation t(14;18)(q31;q21) provides an ideal genetic target for molecular MRD assessment and monitoring, given that it is present in up to 85% of FLs. 8, 9 Quantitative PCR (qPCR) techniques have enabled accurate detection of Bcl-2/IgH levels and kinetics. [5] [6] [7] 10 Moreover, intrapatient quantifications from paired bone marrow (BM) and peripheral blood (PB) samples demonstrated high concordance, suggesting that PB is the most suitable source for serial Bcl-2/IgH assessment in FL. 6, 11, 12 Although it has been demonstrated across various treatment modalities that conversion to Bcl-2/IgH negativity in FL results in prolonged progression-free survival (PFS) and overall survival, [13] [14] [15] [16] the prognostic value of pre-and posttreatment Bcl-2/IgH levels from either BM or PB are still discussed controversially. 4, 7, 17 Several confounding factors contributing to this controversy include assay sensitivity, sample source, patient population, and evolving treatment modalities. Standard chemotherapy does not achieve disease eradication from the PB or BM in the majority of patients, 7, 10, 14, 15 whereas rituximab as single agent or in combination with chemotherapy leads to a complete clearance of Bcl-2/IgH-positive cells in most patients, 5, 18 indicating that Bcl-2/IgH levels in PB are strongly affected by rituximab use.
We therefore designed the study presented here to prospectively evaluate the prognostic value of serial Bcl-2/IgH quantification from PB in previously untreated FL patients who were randomized and treated within the previously reported NHL1-2003 trial comparing bendamustine plus rituximab (B-R) with rituximab plus cyclophosphamide, doxorubicin, vincristine, prednisone (R-CHOP). 19 Our objectives were to prospectively determine (1) whether pretreatment Bcl-2/IgH levels correlated with disease characteristics, treatment response, and outcome; (2) whether induction of Bcl-2/IgH negativity posttherapy was associated with a favorable outcome; and (3) whether sequential MRD quantification during follow-up predicted the likelihood of clinical relapse.
Patients and methods

Study design and patients
In the multicenter, randomized, open-label NHL1-2003 study, conducted by the German Study group indolent Lymphomas (StiL; www.clinicaltrials.gov, #NCT00991211), patients with newly diagnosed, treatment-naive FL were randomized to receive 6 cycles of either bendamustine (90 mg/m 2 days 1 and 2; once per month) plus rituximab (375 mg/m 2 ) or rituximab (375 mg/m 2 ) plus standard CHOP (3 weekly). 19 Disease evaluation by computed tomography scan was performed at baseline, after 3 cycles and after the last cycle of therapy. Follow-up examinations including laboratory test, physical examination, and sonography and/or chest X-ray were performed every 3 months. Follow-up computed tomography imaging was performed ad hoc depending on the clinical findings or at least every 6 months.
From April 2005 to August 2008, the last 173 consecutive patients with FL of the NHL1-2003 were included in the MRD study ( Figure 1 ). After giving written informed consent, the PB of all patients was screened for Bcl-2/IgH rearrangements within the MBR by qPCR. As a control, MBR Bcl-2/IgH-negative samples were reanalyzed for both MBR and minor cluster region Bcl-2/IgH-rearrangements by qualitative nested PCR as previously described 6 (supplemental Table 1 ; see the Blood Web site). MBR Bcl-2/IgHpositive patients were selected for sequential MRD follow-up. Samples were taken pre-and posttreatment and every 3 months during follow-up. The MRD study was approved by all local ethics committees of each participating institution.
Procedures PB samples were placed in EDTA tubes and shipped within 24 hours to the reference laboratory at the Department of Hematology at Heinrich-Heine University, Duesseldorf, where qPCR analysis was performed. Following density centrifugation, genomic DNA from 5 3 10 6 mononuclear cells (MNCs) was extracted using the Qiagen Blood Mini Kit.
A noncommercially available improved version of the LightCycler MBR Quantification Kit, specific for the t(14;18)(q32;q21) (IgH/Bcl-2) translocation, was provided by Roche Diagnostics (Penzberg, Germany). qPCR was performed according to the manufacturer's instructions. Briefly, 50 mL of sample DNA was amplified on the LightCycler using target-specific primers as well as specific hybridization probes for detection of the amplicon (supplemental Methods). The DNA amounts added to the reaction mixtures ranged between 20 and 100 ng/mL (mean, 90 ng/mL or 4500 ng/reaction; standard deviation, 23 ng/mL). The PCR had a sensitivity of 2 3 10 26 validated in dilution assays (supplemental Figure 1 ).
The final result (referred to as Bcl-2/IgH level) was calculated by the LightCycler Relative Quantification Software using a calibrator DNA for reference and expressed as a ratio of target (Bcl-2/IgH) to reference gene (tPA) as previously described. 6 Stratification of patients according to their pretreatment Bcl-2/IgH levels was based on the scheme of Rambaldi and colleagues: high (Bcl-2/IgH/tPA ratio .1), intermediate (ratio 0.1-1), and low (ratio ,0.1). 7
Statistical analysis
PFS was calculated from start or end of therapy to the respective event, depending on the time of MRD assessment. 20 Relapse, disease progression, or any additional treatment was counted as an event. Survival curves were estimated according to the Kaplan-Meier method, 21 the log-rank test was performed for comparisons, and a Cox regression model with either a step-wise backward variable selection approach (P , .1) or enter method was applied for multivariate analysis and to obtain hazard ratio (HR). Differences in Bcl-2/IgH levels between patient groups according to clinical parameters were calculated using the Mann-Whitney U test. To identify prognostic variables, the following factors were examined by univariate and multivariate analysis using a multiple regression model: age, sex, serum levels of lactate dehydrogenase (LDH) and b2-microglobulin, number of involved lymph nodes (LNs), Ann Arbor stage, BM and spleen involvement, pretreatment Bcl-2/IgH level, posttreatment Bcl-2/IgH status, remission categories, Follicular Lymphoma International Prognostic Index (FLIPI), 22 and International Prognostic Index scores. 23 All statistical analyses were performed using SPSS software. 
Results
In total, 783 PB samples representing 173 FL patients from randomization up to 69 months after therapy were analyzed. Clinical follow-up was recorded for all patients. At diagnosis, 114 of 173 patients (66%) had a PCR-detectable Bcl-2/IgH rearrangement. The majority of patients (107, 62%) were positive for the MBR, and 7 patients (4%) were positive for the minor cluster region chromosomal breakpoint. Table 2 .
Pretreatment: no relevance of pretreatment Bcl-2/IgH status The overall response rate and complete response (CR) rates after firstline therapy were 90.7% and 26.7% for 86 patients receiving R-CHOP and 90.8% and 36.8% for 87 patients treated with B-R. Three patients (3.5%) receiving R-CHOP and 6 patients (6.9%) receiving B-R had progressive disease. No differences with regard to sex, age, Ann Arbor stage, bulky disease, B-symptoms, BM involvement, elevated LDH serum level, FLIPI score, and treatment response were found between Bcl-2/IgH-negative and Bcl-2/IgH-positive patient groups.
Analysis of the effect of the pretreatment Bcl-2/IgH status on median PFS from first randomization showed no significant difference between positive and negative patients (positive vs negative, 53.4 vs 31.6 months; HR, 0.70; 95% CI, 0.43-1.12; P 5 .14; Figure 2A ).
Pretreatment: relevance of Bcl-2/IgH levels
In Bcl-2/IgH MBR-positive patients, pretreatment Bcl-2/IgH levels ranged between 0.000281 and 81 with a median value of 0.0699, revealing high interindividual variability among newly diagnosed FL patients. Significantly higher Bcl-2/IgH levels were found in patients with BM involvement (P 5 .007), spleen enlargement (P 5 .015), and Ann Arbor stage IV (P 5 .038). Pretreatment Bcl-2/IgH levels were also proportionally correlated to the number of LNs with disease involvement (.3 LNs, P 5 .004; .5 LNs, P 5 .001; .7 LNs, P 5 .033) and to b2-microglobulin serum levels above 3 mg/L (P 5 .026). Interestingly, the highest median Bcl-2/IgH levels were detected in 24 patients with elevated b2-microglobulin serum levels ( Table 1) .
Analysis of the effect of pretreatment Bcl-2/IgH levels on PFS revealed that high Bcl-2/IgH levels (ratio .1, n 5 28) adversely impacted PFS. Median PFS was 22.1 months (95% confidence interval [CI], 11.4-32.9 months) in patients with high, not reached in patients with intermediate (ratio 0.1-1, n 5 24; high vs intermediate: HR, 4.28; 95% CI, 1.70-10.77; P 5 .002), and not reached in patients with low pretreatment Bcl-2/IgH levels (ratio ,0.1, n 5 55; high vs low: HR, 3.02; 95% CI, 1.55-5.86; P 5 .001; Figure 2B ). Comparison of pretreatment Bcl-2/IgH levels between FLIPI risk groups (low risk [score 0-1, n 5 18], intermediate risk [score 2, n 5 37], and high risk [score 3-5, n 5 49]) showed that high Bcl-2/IgH levels were only found in a significant number of FLIPI intermediate-and high-risk patients ( Figure 2C ). The negative prognostic effect of high pretreatment Bcl-2/IgH levels on PFS was significant in both FLIPI risk groups (FLIPI intermediate risk: Bcl-2/IgH .1 vs ,1: 8.9 months vs not reached; HR, 9.27; 95% CI, 3.11-27.65; P , .001; FLIPI high risk: Bcl-2/IgH .1 vs ,1: 29.8 months vs not reached; HR, 2.37; 95% CI, 0.99-5.65; P 5 .05; Figure 2D ). Univariate and multivariate analysis identified the pretreatment Bcl-2/IgH level as an independent predictor of poor PFS (Table 2) . Collectively, these data demonstrate that pretreatment Bcl-2/IgH quantification in FL identifies a subgroup of FLIPI intermediate-and high-risk patients with a significantly shorter PFS outcome.
Posttreatment: relevance of Bcl-2/IgH status and levels Next, we analyzed the effect of first-line therapy on posttreatment Bcl-2/IgH status and Bcl-2/IgH levels in 92 patients with available follow-up samples (supplemental Table 2 ). The overall response rate and CR rates after first-line immunochemotherapy in Bcl-2/IgH positive patients with either B-R or R-CHOP were 94% (86 of 92 patients) and 36% (33 of 92 patients). Fifty-three patients (58%) achieved a partial response (PR), 3 (3%) had stable disease, and 3 (3%) had progressive disease. Three-year PFS was 63%. A significant reduction of Bcl-2/IgH levels was observed after 6 cycles of immunochemotherapy: median Bcl-2/IgH level of 0.18 (range 0.000281-81) vs negative (range negative to 0.17; P 5 .0005). Conversion from Bcl-2/IgH-positive to Bcl-2/IgH-negative was observed in 78 of 92 patients (85%). Fourteen patients (15%) remained positive but showed a 2 log (median) reduction of their Bcl-2/IgH level after therapy (from 0.660 to 0.00193). Interestingly, the median pretreatment Bcl-2/IgH level in this patient cohort was higher (0.660) when compared with the group of molecular responders who converted (0.049; P 5 .16). No difference in Bcl-2/IgH response was observed between patients in CR or PR, or between treatment arms at the end of therapy ( Figure 3A) .
In both treatment arms, the posttreatment Bcl-2/IgH status had a significant effect on PFS. Failure to achieve Bcl-2/IgH negativity adversely impacted median PFS (negative vs positive: not reached vs 8.7 months [95% CI, 1.1-16.2 months]; HR, 3.15; 95% CI, 1.51-6.58; P 5 .002; Figure 3B ). The prognostic value of the posttreatment Bcl-2/IgH status remained significant when only patients who achieved CR or PR were analyzed (negative vs positive: not reached vs 27.4 months [95% CI, 7.1-47.7 months]; HR, 2.48; 95% CI, 1.06-5.78; P 5 .036). In contrast, CR did not significantly improve median PFS when compared with no CR (CR vs no CR: not reached vs 48.2 months; HR, 1.33; 95% CI, 0.65-2.71; P 5 .44).
Finally, we compared the prognostic relevance of pre-and posttreatment Bcl-2/IgH assessments along with clinical factors. By univariate analysis, both the pretreatment Bcl-2/IgH level and the posttreatment Bcl-2/IgH status were significant predictors for PFS. The FLIPI score, Ann Arbor stages, and the achievement of a CR had no significant impact on PFS. By multivariate analysis, the pretreatment Bcl-2/IgH level was the strongest prognostic factor (P 5 .0001; Table 3 ).
Follow-up
A total of 610 follow-up samples representing 92 patients from 0 to 69 months (median 41) after therapy were analyzed. A posttreatment Figure 4B ). The median time to Bcl-2/IgH recurrence was 12 months (range 3 to 63 months), and the interval from Bcl-2/IgH redetection to clinical diagnosis of relapse was 9.5 months (range 0.6 to 20.3 months). These data suggest that patients with a higher relapse probability were identified, but the timing of clinical relapse was not accurately predictable by qPCR.
Discussion
Data from this prospective study demonstrate that pre-and posttreatment Bcl-2/IgH levels are both independent prognostic markers for PFS in FL undergoing first-line immunochemotherapy, irrespective of the cytotoxic regimen used in combination with rituximab. Our results also indicate that a Bcl-2/IgH status conversion during follow-up, or in other words a molecular relapse, is not indicative of an inferior PFS outcome unless high Bcl2/IgH levels can be detected.
The enormous interpatient variability of pretreatment Bcl-2/IgH levels observed in this study is in line with previous reports, but the underlying pathophysiological mechanisms are still poorly understood. Consistent with previous reports, we observed significantly higher Bcl-2/IgH levels in patients with BM or spleen involvement and in Ann Arbor stage IV, 6, 12 suggesting that Bcl-2/IgH levels may simply serve as a surrogate for tumor burden. However, we also show that high Bcl-2/IgH levels had a negative impact on the prognosis of FLIPI intermediate-risk patients, which may suggest that pretreatment Bcl-2/IgH levels also reflect lymphoma cell migration and invasiveness in addition to tumor burden and that enhanced migration in FL may be associated with a poor prognosis and adverse PFS. For instance, of the 28 patients with high pretreatment Bcl-2/IgH levels, 11 (39%) had ,7 LNs with disease involvement (median 4, range 1-6), 4 (14%) had no BM and 11 (39%) had no spleen involvement, 21 (75%) had normal LDH serum levels, and only 10 (36%) had elevated b2-microglobulin serum levels.
The major finding of this prospective study is that pretreatment Bcl-2/IgH levels from PB have independent prognostic value for PFS in treatment naive FL. Considering the incurability of the disease, PFS is still considered as the most relevant clinical end point in FL trials. In alignment with our data, Ghielmini and coworkers found that the pretreatment Bcl-2/IgH levels from PB were predictive for response duration to rituximab monotherapy. 18 In contrast, other groups reported that the pretreatment Bcl-2/IgH levels from PB, unlike BM, did not allow prediction of PFS. 7, 10 Possible explanations for these contrasting observations may be differences with regard to patient population studied (first-line vs second-line), treatment modalities (rituximab vs chemotherapy vs rituximab followed by chemotherapy vs the inverse sequence vs combination of both), as well as the qPCR assays used. Interestingly, a high correlation between Bcl-2/IgH levels obtained from paired PB and BM samples was observed in all trials, but PB levels were found to be in general at least 1 log lower compared with the levels detected in BM. This inconsistency rather suggests an assay-dependent limitation of sensitivity than a higher prognostic significance of BM infiltrating lymphoma cells. 6, 11, 12 It seems more likely that accurate prediction of PFS from PB requires an assay with high sensitivity.
Consequently, pretreatment Bcl-2/IgH quantification from PB can only be recommended when a sensitive qPCR assay is used (eg, .10 25 ; supplemental Figure 1 ).
The molecular remission rate in the PB observed in this trial was 85% (90% R-B vs 80% R-CHOP), which is similar to 80%, 84% and 87% observed in other trials using R-CHOP, rituximab plus mitoxantrone, chlorambucil, prednisolone (R-MCP), or R-fludarabine. 5, 24, 25 The molecular remission rates after rituximab-chemotherapy combinations are markedly higher than those observed after standard chemotherapy or rituximab monotherapy. 13, 15, 16, 18 These improvements may directly reflect the benefit of rituximab translating into prolonged PFS. 26 Supporting this hypothesis the prognostic value of the posttreatment Bcl-2/IgH status seems accentuated after both rituximab-containing and myeloablative regimens. 14, 27 According to our data failure to achieve molecular remission after rituximabchemotherapy has a strong impact on PFS (HR, 3.15; 95% CI, 1.51-6.58; P 5 .002) and .70% of the patients failing to achieve this goal subsequently relapsed, irrespective of their clinical remission status. Posttreatment Bcl-2/IgH assessment may therefore be specifically useful to identify patients with a poor prognosis who require treatment intensification. Because quantification of posttreatment Bcl-2/IgH levels did not add any further prognostic value in our study, we can only recommend a qualitative posttreatment assessment at present. During follow-up, serial Bcl-2/IgH quantification showed a significant correlation between Bcl-2/IgH levels and PFS. Interestingly, only high Bcl-2/IgH levels during follow-up adversely affected PFS whereas smoldering low Bcl-2/IgH levels irrespective of a detected conversion from Bcl-2/IgH negativity to positivity had no impact on PFS when compared with negative Bcl-2/IgH follow-up levels. These data clearly suggest that long-term disease control is possible despite persistence of the malignant clone. Prolonged tumor dormancy and long-term remissions with persistently detectable Bcl-2/IgH rearrangements in FL have already been reported after radiotherapy 28 and conventional chemotherapy, 29 suggesting that even combined rituximab-chemotherapy is unable to eradicate the disease. Although our results are concordant with previous reports, 7, [13] [14] [15] the prognostic value of follow-up monitoring is limited because of the indolent course of the disease. This raises the question: what is the value of sequential quantitative Bcl-2/IgH follow-up in FL? A potential value might emerge from the yet unanswered question of the optimal duration of rituximab maintenance therapy in FL patients achieving PR or CR after rituximab-chemotherapy. Clinical trials including the StiL NHL7-2008 are currently underway to define the prognostic value of Bcl-2/IgH monitoring in the context of rituximab maintenance.
In conclusion, our study demonstrates that Bcl-2/IgH quantification before and after therapy allows prognostic evaluation of FL undergoing first-line rituximab-chemotherapy. 30 Moreover, these results also suggest that both a positive posttreatment Bcl-2/IgH status as well as high Bcl-2/IgH follow-up levels could be useful to identify patients with poor prognosis that might benefit from intensified or prolonged therapy.
However, any predictive value of the qPCR in FL to guide treatment has to be established in prospective trials first.
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